Here the authors propose to use electrically excited compact chiral resonators in microstrip configurations for realisation of weakly-radiating stop-band transmission lines. The fundamental resonant mode of these resonators can be excited by both electric and magnetic fields applied parallel to the spiral axis. The authors propose to use a racemic arrangement of an equal amount of left-and right-handed chiral particles between the ground plane and the signal strip and orient the particles so that they are excited by the electric field of the microstrip line. The advantage of this configuration (in addition to strong coupling and weak radiation from excited particles) is that the ground plane can be preserved from being etched (continuous ground structure). The other advantage is that the size of negative permittivity lines loaded with chiral particles can be made very small compared to previous implementations based on complementary split-ring resonators. The circuit models with properly extracted parameters accurately describe the behaviour of both negative permittivity and double-negative lines loaded with electrically coupled resonators. This parameter extraction technique is based on the comparison between the simulated (or measured) transmission and reflection characteristics of the host line loaded with such resonators and those obtained from its lumped-element equivalent circuit model.
Introduction
During recent years, split ring resonators (SRRs) [1] have attracted significant interest among experts in electromagnetics and microwave engineering because of potential applications in the synthesis of metamaterials with negative effective permeability based on periodic arrangements of these resonators [1, 2] . This functionality can be achieved in a narrow frequency band above the resonant frequency of SRRs and for magnetic-field vector applied parallel to the ring axis. The key to the success in the realisation of such artificial media is the fact that, in the vicinity of the resonance, SRR dimensions are small as compared to the signal wavelength. Therefore an array composed of these particles can be considered as an effective continuous medium with some effective electromagnetic parameters. The synthesis of negative-permeability media by means of SRRs opened the door to the design of metamaterials that are able to exhibit backward wave propagation and negative refractive index [2] .
After these seminal works, several double-negative (DN) metamaterials based on SRRs in one-dimensional (1D) configurations were reported, including waveguide [3] and planar technologies [4] , indicating the significance of these subwavelength resonators and their potentiality not only to verify the exotic electromagnetic properties of metamaterials predicted by Veselago [5] , but also in the design of functional microwave devices with improved performance and reduced dimensions [6] [7] [8] [9] .
To achieve most of the relevant characteristics of metamaterials, the artificial structures must exhibit effective media properties. To this end, the constituent building blocks (SRRs etc.) must be electrically small, that is, with the dimensions significantly smaller than the signal wavelength at the frequencies of interest. As it was reported in [10] , by combining two appropriately shaped metal elements at both sides of a dielectric layer connected by vias, it is possible to design new resonant particles with high level of miniaturisation (Fig. 1) . The use of the proposed strategy for area reduction does not lead to a severe degradation in the quality factor [10] . These new resonators can also be potentially used to reduce the area of planar passive components, generating increasing interest in the synthesis of metamaterials transmission lines with extremely small unit cell sizes.
Usually, all of these miniaturised particles are excited by magnetic field and are magnetically coupled to the metamaterial transmission line (both microstrip lines and coplanar waveguides) [10] [11] [12] . They are able to inhibit signal propagation in the vicinity of the resonance and this stopband behaviour is because of inductive coupling between the line and the particles. Since the electrical size of the particles is small, these structures can be considered as artificial homogeneous transmission lines characterised by effective parameters, permeability μ eff and permittivity ε eff . For magnetically loaded transmission lines μ eff is negative/positive in a narrow band above/below resonance, and it takes extreme values near the resonance. For this reason, the typical stopband of these structures extends not only above the resonance, but also in a narrow band below it [4] .
Another resonant element which can realise effective negative permittivity is the complementary SSR (CSRR) [13] . CSRRs are etched in the ground plane and the main driving mechanism is electric coupling by the electric field parallel to the axis of the rings. We know that in certain applications substrate is sustained by a metallic holder and also defected ground structures can lead to some electromagnetic compatibility (EMC) problems. This problem also exists for microstrip lines loaded with miniaturised two metal layers particles excited with magnetic field, because it is imperative to open windows in the ground plane in order to etch the lower side of the particle and excite it with magnetic field effectively [10, 12, 14] .
Proposed configuration
One idea for reducing radiation from stop-band structures based on CSRR is to add an extra grounded layer under the original CSRR structure to form a new continuous ground, so that possible EMC problems can be avoided. However, simulations of such improved CSRR structure show that the added grounded layer degrades the CSRR performance (decreasing the rejection level and increasing losses). These results are illustrated in Fig. 2 . The results are based on the assumption that there is free space between the added ground layer and an original CSRR. If we insert a dielectric putted between these two layers, then the performance degradation is stronger than in Fig. 2 (not shown here for brevity).
Thus, we propose a different layout, utilising the electromagnetic properties of chiral particles. We use the resonators with two metal layers connected by vias, which have chiral (Fig. 1) shape. The fundamental magnetic mode can be excited by both electric and magnetic fields applied parallel to the ring axis [15] [16] [17] . The susceptibility to electric field is because of the strong electric field between the upper and lower rings that appear near the resonance. Depending on whether the excitation produced through the electric or the magnetic field, such coupling to transmission line is identified as electric or magnetic. Previously, chiral inclusions have been used mainly in the design of volumetric or planar metamaterials, for example [14, 15, 17] . Earlier work on spiral inclusions coupled to transmission lines see in [12] (magnetically-coupled resonators).
As is known from the theory of artificial chiral media, the magneto-electric coupling effect (excitation of magnetic mode by external electric field) in electrically small www.ietdl.org particles is much stronger than excitation of the same mode by external magnetic field. Although the chirality effect is linearly proportional to the electrical size of the particle, the magnetic effect is proportional to the second power of this parameter (e.g. [16, 17] ). Our suggestion is to use a racemic mixture (with an equal amount of left-and right-handed inclusions) of chiral particles in microstrip lines for electric excitation of fundamental magnetic mode of compact resonators. Orienting particle's metal layers parallel to the ground plane, a significant component of the electric line field is parallel to the rings' axis, as desired. This arrangement is expected to allow strong coupling in compact configurations and allow applications where the induced strong but weakly-radiating magnetic moments can be used, for example, in sensing magnetic substances. Racemic arrangement (equal number of left-and right-handed inclusions) of electrically densely packed inclusions further minimises radiation from induced magnetic moments. In more conventional applications (like filters) these particles can be used in the substrate as embedded-circuit metamaterial inclusions between the ground plane and the signal strip. The advantage of this configuration (in addition to strong coupling and weak radiation from excited particles) is that the ground plane can be preserved from being etched (continuous ground structure). The other advantage (illustrated in Fig. 3 ) is that the size of negative permittivity lines loaded with broadside coupled spiral resonators (BC-SRs) can be made actually very small compared to the known implementations based on CSRR. However, it should be taken into account that for these resonators with two metal layers, four metal layers are necessary: two for the resonator and two for the microstrip line (Fig. 4c) . Also, the rejection bandwidth for two metal layers resonators is narrower and with more loss. The geometric tailoring for loss reduction considered in Section 3.3.
It is well known that the current distribution in a resonator near its resonances does not significantly depend on the excitation and the electric excitation of these resonators excites the fundamental resonant mode (the quasi-static resonance). To verify the electromagnetic properties of these resonators, full-wave simulations have been performed and the surface current distributions because of the electric excitation for the analysed resonances are obtained. Simulation results show that electric excitation indeed induces current loops at the fundamental resonance ( Fig. 1c) . Study of the different resonant modes and the corresponding current distributions can be found in [18] . The electric excitation provides an effective negative permittivity, rather than permeability and for avoiding chirality effect we can use a racemic configuration of particles or a racemic arrangement of chiral inclusions. In general, these types of resonators can be implemented in 2D arrays, as an embedded-circuit metamaterial, for providing a uniaxial substrate. This case will be considered in a separate work.
In this paper, we study the effect of electrically excited resonators with two metal layers connected by vias, on the effective media properties of 1D metamaterial transmission line and propose a method for finding the electrical characteristics of metamaterial resonators coupled to planar transmission lines. As will be shown, the introduced circuit models with properly extracted parameters accurately describe the behaviour of these metamaterial transmission lines. Similar work for extracting the circuit parameters of metamaterial transmission lines loaded with SRRs or with other resonators magnetically coupled to the line has been published in [11] and for CSRRs electrically coupled to the line in [19, 20] . As illustrated in [11] , the resonant particles can be modelled by LC tanks and, for the present case, their electric coupling to microstrip transmission line is modelled by a mutual capacitance (Fig. 4a ). The circuit model presented here can be used for different resonators like BC-SRs, broadside coupled non-bianisotropic SRR (BC-NB-SRR) and other resonators with two metal levels connected by vias, excited by electric field for the analysis of the fundamental resonant mode (the quasi-static resonance) and can be considered as lumped or quasi-lumped elements.
Equivalent circuit models for electrically loaded transmission lines
In this section, it is shown that two metal layers particles can be used for the design of metamaterial transmission lines. The host line for the implementation of the particles in one dimension is the microstrip line and the racemic mixture of these particles provides negative effective permittivity. If the goal is to achieve backward-wave propagation, further microstructuring is necessary, in order to obtain the required negative effective permeability. In the microstrip technology, series capacitive gaps can be used to implement the negative permeability.
Here we propose a method for extracting the circuit parameters of metamaterial transmission lines loaded with two metal layers resonators electrically coupled to the line. This parameter extraction technique is based on the comparison between the simulated (or measured) transmission and reflection characteristics of a host line loaded with such resonators and those obtained from its lumped-element equivalent circuit model. From the extracted parameters, it is concluded that the circuit models very accurately predict the frequency responses of the considered structures.
The model describing the unit cell of metamaterial transmission lines loaded with electrically coupled resonators and series capacitive gaps is depicted in Fig. 4 . As the two metal layers resonators are mainly excited by the electric field of the line, this coupling can be modelled by a mutual capacitance between the line capacitance and the resonators capacitance, which are modelled as parallel LC tanks. In Figs. 4a and b the layouts of electrically coupled unit cells corresponding to DN microstrip lines and transformed T-circuit model of it, respectively, are depicted. The validity of the lumped-element model is limited to the small electrical size of the unit cells and the coupling between adjacent resonators is neglected. For modelling the coupling between adjacent resonators, we can use more accurate circuit analysis [21] . Also the modelling of losses and geometric tailoring for loss reduction is considered in Section 3.3.
In reference to Fig 4a, L and C are the per-section inductance and capacitance of the line, C g models the capacitance of the gaps, the electrically coupled resonators are described by means of the resonant tank constituted by the inductance L p and the capacitance C p , and, finally, their electric coupling to the line is described by the mutual capacitance C m . By obtaining the equivalent impedance of the shunt branch, the circuit can be simplified to that shown in Fig. 4b , whereL 
(1)
(2)
with
. The series and shunt impedances of the unit cell in Fig. 4b read www.ietdl.org
where ω s,s (series impedance is equivalent to a short circuit), ω p,s (shunt impedance is equivalent to a short circuit) and ω p,o (shunt impedance is equivalent to an open circuit) are the resonant angular frequencies defined by
Next we study the parameter extraction for both negative permittivity and backward transmission lines corresponding to the line without and with series gaps in Sections 3.1 and 3.2, respectively.
Negative permittivity transmission line
In order to load a microstrip transmission line with two metal layers particles, and thus obtain a negative effective permittivity medium, it is necessary to use them in the substrate as an embedded-circuit metamaterial, between the ground plane and the signal strip, that is, in such a way that the electric field is parallel to the rings' axis. In this case the inclusions are able to inhibit signal propagation in the vicinity of the resonance and this stopband behaviour is because of the capacitive coupling between the line and the particles. For parameter extraction the number of parameters of the circuit model in Fig. 4b is four (without series gaps), and we need four conditions to univocally determine such parameters.
The frequency f p,s [expression (7)] can be easily obtained from the transmission coefficient S 21 of the unit cell since at this frequency the parallel branch is equivalent to a short circuit and the whole power injected from the input port is reflected back to the source. Thus, the transmission coefficient nulls (zero transmission frequency) and f p,s can be easily identified from the representation of the transmission coefficient in a decibel scale (Fig. 5b , The dotted curves refer to the validation, which is described in Section 4).
Then from the representation of the reflection coefficient of a single unit cell, S 11 , in the Smith chart, we can determine ω p,o [expression (8) ]. That shunt impedance is equivalent to an open circuit from the intercept of S 11 with the unit resistance circle. This is obvious since at this frequency the real part of the impedance seen from the ports is simply the impedance of the opposite port, that is, Z 0 = 50 Ω. Hence, S 11 must be allocated in the unit resistance circle at f p,o , as illustrated in Fig. 5a . On the other hand, the reactance of the unit cell seen from the ports at f p,o , which can be inferred from the Smith chart, is (without series gaps)
Thus, the per-section inductance of the line (L) can be directly determined from (9) . Another condition can be deduced from the dispersion diagram. We can obtain the frequency ( f π/2 ) where the electrical length of the unit cell, φ = βl (β being the phase constant and l the length of the unit cell), is φ ( f π/2 ) = −90°(see Fig. 5c ). Since the dispersion relation of a periodic structure consisting of cascaded unit cells, as those in Fig. 4b , is given by
with Z S and Z P being the series and shunt impedances, respectively, of the T-circuit model, and S ij are the two-port scattering parameters, it follows that cos (bl = −90
with ω π/2 = 2πf π/2 . Expressions (7)- (9) and (11) give four conditions needed to univocally determine the four circuit parameters (without series gaps) in Fig. 4
Backward transmission line
In order to synthesise an effectively DN medium, additional element able to provide the required negative effective permeability must be introduced to the structure. DN transmission line can be implemented by electrically loading a host line with two metal levels resonators and series capacitive gaps. These gaps make the structure behave as magnetic plasma, with negative valued permeability up to the plasma frequency that depends on the resonator formed by the gap capacitance and the per-section inductance of the line. Hence, to design a DN transmission line by combining two metal levels resonators and gaps it is necessary to design the structure so that the plasma frequency is higher than the resonance frequency of the particles. Under this condition there is a region where negative effective permeability and permittivity coexist. For parameter extraction the number of parameters of the circuit model in Fig. 4b is five (with series gaps) and we also need five conditions to univocally determine such parameters. Indeed, by removing the series capacitive gaps, the per-section inductance of the line (L) can be directly determined from (9) and also by returning the series capacitive gaps, we can represent the corresponding reflection coefficient on a Smith chart and obtain the reactance seen from the ports at that frequency where S 11 intercepts the unit resistance circle as (see Fig. 6a , As above, the dotted curves refer to the validation, see Section 4)
If we assume that the per-section inductance and capacitance of the line was not significantly changed by removing the series capacitive gaps, then we can univocally determine C g from (16) and the other four parameters as explained previously from (12) to (15) . However, this assumption is not exact and we may want to have a more accurate model.
To find an accurate model for the structure with series gaps, we can compute the ω s,s as a first approximation from (6) using the approximate L and C g values. At this frequency ( f s,s ), the series impedance (Z S ) is equivalent to a short circuit and the real part of the admittance seen from the ports is simply the admittance of the opposite port, that is, Y 0 = (Z 0 ) − 1 = (50 Ω) − 1 = 0.02S. Hence, S 11 must be allocated in the unit conductance circle near f s,s , as illustrated in Fig. 6a . Thus, the exact value of ω s,s = 2πf s,s can be obtained from the Smith chart. Note that we need the first approximation value of ω s,s for finding the exact value from the Smith chart because S 11 may be allocated in the unit conductance circle several times. Now (6) and (16) as two exact equations (based on simulation or measurement), can be used for computing L and
Also f p,s (rejection in S 21 ) and f π/2 (dispersion diagram) can be obtained from the two-port scattering parameters. By using a similar method previously described for (11), C' can be obtained
The formulation for obtaining the value of L ′ p and C ′ p is similar to (14) and (15), respectively.
Losses modelling and reducing by geometric tailoring
The total loss level is mainly determined by the resonators (because of strong circulating currents). Thus, the loss can be taken into account by including a series resistance in the model, so that the resonator is described by means of a parallel tank, where C ′ p and L ′ p are the reactive elements and resistor R accounts for losses (Fig. 7a) . To determine R, this parameter is swept till electrical simulations and electromagnetic simulations (or experimental data) for the frequency responses agree. In practice, this parameter is determined with a good accuracy from the transmission coefficient of the negative permittivity structure, since the rejection level is very sensitive to this parameter [20] .
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Losses in metamaterials render the applications of such exotic materials less practical unless an efficient way of reducing them is found. A loss reduction technique could be proposed based on geometric tailoring of the individual resonators. The loss of the structure could be further reduced by increasing conductor cross-section (Fig. 7b) . The simulations results of two particles (the two sets of element dimensions have been chosen to yield the same resonance frequency) and the extracted element parameters are depicted in Fig. 8. 
Validation of the model and results
The presented method has been applied to extracting the circuit model parameters (Fig. 4b ) of different structures (Fig. 1) . In this section, we will illustrate the validity of both the model and the parameter extraction method applying the technique to a microstrip line with a negative permittivity and a DN structures. The microstrip line is electrically loaded with a BC-NB-SRR as depicted in Fig. 4c . The dimensions of the BC-NB-SRR are (in reference to Fig. 1 ) a = 1 mm, w = 0.25 mm, s = 0.1 mm, t = 0.64 mm and r = 0.125 mm; and the conductor microstrip width is W m = 2.2 mm and the length l = 3.2 mm (in reference to Fig. 4c ). The considered substrate is Rogers RO3010 with the thickness h = 3 × 0.64 mm and dielectric constant ɛ r = 10.2.
The reflection coefficient of the structure (obtained from full-wave electromagnetic simulation by means of the HFSS commercial software) is depicted on a Smith chart in Fig. 5a and both the reflection and transmission coefficients are simultaneously depicted in the decibel scale in Fig. 5b . The dispersion diagram (also obtained from full-wave electromagnetic simulation) is depicted in Fig. 5c . We have applied the parameter extraction technique to this structure. From the extracted parameters, we have obtained the frequency response (reflection and transmission coefficients and phase response) from the electrical simulation of the circuit model. The results of these circuit simulations are also depicted in Fig. 5 to be easily comparable with the results obtained from the electromagnetic simulation of the layout. As can be appreciated, the circuit model describes the behaviour of the BC-NB-SRR in Fig. 1 with excellent accuracy (the circuit and electromagnetic simulations in Fig. 5 are hardly distinguishable) . This confirms the validity of the model and the ability of the reported technique to provide the circuit parameters of the structure.
The stopband behaviour is because of the capacitive coupling between the line and the particles. For transmission lines electrically loaded with a racemic mixture of particles, ε eff is negative/positive in a narrow band above/below resonance, and it takes extreme values near the resonance. For this reason, the typical stopband of these structures extends not only above the resonance, but also in a narrow band below it.
To further exemplify the parameter extraction method, it has been applied for the BC-NB-SRR with a series gap in the microstrip structure. To achieve appropriate series capacitance parallel-plate (or lamp) capacitors can be implemented. The metal caps drastically enhance the capacitance to the adjacent cells and, consequently, the DN response is enhanced (see Fig. 4c ). The electrical and electromagnetic simulations of the structure are depicted in Fig. 6 . The dimensions of metal series gap are g = 0.2 mm, d c = 0.13 mm and l c = 0.5 mm with the same substrate. Again, the agreement between circuit and electromagnetic simulations is excellent. The corresponding dispersion diagram is depicted in Fig. 6c . The dispersion diagram exhibit a DN band characterised by antiparallel phase and group velocities. This double negative pass band appears in Fig. 6b after a rejection in S 21 (because of particle resonance) as expected. Thus, we have backward wave propagation in the pass band. In order to demonstrate the viability of the proposed technique in Section 3.3, we have applied it to the determination of the electrical parameters of two BC-SRs of Fig. 7b . Dimensions of two BC-SRs resonators are: a = 1.7 mm, w = 0.2 mm, t = 0.64 mm and r = 0.1 mm (Fig. 8a) , a = 1.2 mm, w = 0.8 mm, t = 0.64 mm and r = 0.4 mm (Fig. 8b) . The two sets of element dimensions have been chosen to yield the same resonance frequency. The considered substrate is Rogers RO3010 with the thickness h = 1.92 mm, tan δ = 0.0022 and deposited copper thickness 35 μm with bulk conductivity σ = 5.6 × 10 7 S/m. The conductor microstrip width is W m = 2.2 mm and the length l = 3.2 mm. In Fig. 8 we plot the results of circuit and electromagnetic simulations of the reflection and transmission coefficients. Following the procedure described in the previous section, we have obtained the electrical parameters for both resonators by using the electromagnetic simulation data. With these element values, we have performed the circuit simulation of the frequency responses of the structures. The results are also included in Fig. 8 and very good agreement between electromagnetic and electrical simulations has been obtained in all the cases, which is indicative of the validity of both the model and the proposed method for parameter extraction of lossy unit cells.
In order to generalise the model and the parameter extraction technique, a microstrip line has been loaded with some different subwavelength resonators. The resonators that have been studied are BC-SRs with two turns (BC-SR-2), and BC-SRs with four turns (BC-SR-4). Fig. 9 shows the topologies of these two resonators, and the frequency response obtained from electromagnetic simulations together with the electrical response corresponding to the circuit obtained from the parameter extraction. These results demonstrate that the parameter extraction method is suitable for any two metal levels connected by vias subwavelength resonators, excited electrically.
Conclusions
In summary, we have introduced compact chiral and racemic dual-layer particles as electrically excited inclusions embedded in a microstrip line. In this configuration, the fundamental mode of the inclusion is characterised by strong induced magnetic moment (circulating currents), but in contrast to conventional split-ring configurations the mode is excited by the electric field of the line. This ensures strong excitation effect in a compact layout. Induced magnetic moments do not couple to the microstrip magnetic field and radiate weakly because of their positioning inside the line. In the considered examples we have demonstrated stop-band behaviour and backward-wave propagation in the structure. Strong local magnetic fields in the particle volume can be further exploited for sensing magnetic substances or for realisation of coupled waveguides or mode transformers.
Based on the comparisons of simulated and modelled responses of the structure we can conclude that the developed circuit model appropriately describes the behaviour of both negative permittivity and DN lines loaded with electrically coupled resonators. The developed parameter extraction method is simple and has been found useful for the characterisation of these metamaterial transmission lines.
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